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Abstract 

We propose a E$ inspired supersymmetric model with a non-Abelian discrete flavor symmetry; 
SU(3) C x SU(2)w x U(1)y x U(l)x x S4 x Z-z- In our scenario, the additional abelian gauge sym- 
metry; U(l)x, not only solves the /i-problem in the minimal Supersymmetric Standard Model(MSSM), 
but also requires new exotic fields which play an important role in solving flavor puzzles. If our exotic 
quarks can be embedded into a Si triplet, which corresponds to the number of the generation, one finds 
that dangerous proton decay can be well-suppressed. Hence, it might be expected that the generation 
structure for lepton and quark in the SM(Standard Model) can be understood as a new system in order 
to stabilize the proton in a supersymemtric standard model (SUSY). Moreover, due to the nature of the 
discrete non-Abelian symmetry itself, Yukawa coupling constants of our model are drastically reduced. 

In our previous work, we actually have found much success. However, we also have to solve Higgs 
mediated FCNC at tree level, as is often the case with such extended Higgs models. In this paper, we 
propose a promising mechanism which could make cancellation between Higgs and SUSY contributions. 
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1 Introduction 



It is well-known that the standard model based on Gsm — SU(3) C x SU(2) W x U(l)y gauge symmetry is 
a quite promising theory to describe interactions of the particles. 

However, there are unsolved or non- verifiable points enough, in particular, the followings are underlying 
to be clarified: 

1. The electroweak symmetry breaking scale M\y ~ 10 2 GeV is unnaturally small in comparison with the 
fundamental energy scale such as Planck scale Mp ~ 10 18 GeV. 

2. The number of Yukawa coupling constants is too many to give predictions of the quark and lepton 
mass matrices. 

3. There is no understanding about the meaning of generations. 

It is believed that the first point is solved by introducing SUSY [1], but there is still naturalness problem 
in the MSSM. The superpotential of MSSM has ju-term: 

HH U H D . (1) 

The parameter /i has to be fine-tuned to 0(1 TeV) in order to give appropriate electroweak breaking scale, 
but it is unnatural. This problem is elegantly solved by introducing an additional U(l) gauge symmetry. 
This extra U(l) model is proposed in the context of superstring-inspired E§ model [2]. In this model, the bare 
/i-term is forbidden by the new U{\)x symmetry, but the trilinear term including Gsm singlet superfield S 
is allowed: 

\SH U H D . (2) 

When this singlet field S develops a vacuum expectation value (VEV), the U(l)x gauge symmetry is spon- 
taneously broken and an effective /i-term; /j, e sH u H D , is generated from this term, where fi c g — A (S) [3]. 

A promising solution for the second point is a flavor symmetry . In fact, the flavor symmetry strongly 
reduces the Yukawa coupling constants. Here, we introduce a non-Abelian discrete flavor symmetry involved 
in triplet representations, expecting that the number of the generations for lepton and quark is three. The 
triplet representations are contained in several non-Abelian discrete symmetry groups [5], for examples, S4 
[6], At [7], T [8], A(27) [9] and A(54) [10]. In our work, we consider S 4 x Z 2 . 

A promising solution for the third point can be arose by the cooperation with the flavor symmetry and 
supersymmetry. In the MSSM, the R-parity conserving operators such as QQQL, E C U C U C D C induce the 
proton decay at unacceptable level. But, in the extra U(l) model, these operators are forbidden by the 
additional gauge symmetry. However, since the extra U(l) model has additional exotic fields, the Yukawa 
interactions for the exotic quarks and leptons and quarks reduce proton life time to unacceptable level, again. 
With the S4 flavor symmetry, such a dangerous proton decay is sufficiently suppressed. Hence, it might be 
expected that the generation structure can be understood as a new system in order to stabilize the proton 
[11]. 

Considering the Higgs sector of our model, there is a serious problem of flavor changing neutral current 
(FCNC). Multiple Higgs interactions with leptons and quarks induce too large FCNC, if the mass scale 
of Higgs bosons is at 0(TeV) region [12]. In this paper, we show Higgs contributions to FCNC may be 
cancelled by SUSY FCNC contributions. This cancellation solution softens the FCNC constraint on Higgs 
mass. Because the mass bound of Higgs mass is at 0(TeV) region, our model is testable at LHC or future 
colliders. 

The paper is organized as follows. In section 2, we explain the basic structure of S4 flavor symmetric 
extra U(l) model. We give the superpotential of quark and lepton sector in section 3, and of Higgs sector 
in section 4. In section 5, we discuss the Higgs and SUSY contributions to FCNC. Finally, we make a brief 
summary in section 6. Experimental values of mixing matrices and masses of quarks and leptons are given 
in appendix, which are used to test our models. 

lr The Eg inspired supersymmetric extension of SM with discrete flavor symmetry has been considered by authors [4]. 



2 



2 The Extra U(l) Model with S4 Flavor Symmetry 



2.1 The Extra U(l) Model 

The basic structure of the extra U(l) model is given as follows. At high energy scale, the gauge symmetry 
of model has two extra U(l)s, which consists maximal subgroup of E e as G 2 = Gsm x U(1)x x U(1)z C E 6 . 
MSSM superfields and additional superfields are embedded in three 27 multiplets of E 6 to cancel anomalies, 
which is illustrated in Table 1. The 27 multiplets are decomposed as 27 D {Q, U c , E c , D c , L, N c , E D ,g c , H u , 
g, S}, where N c are right-handed neutrinos (RHN), g and g c are exotic quarks, and S are Gsm singlets. We 
introduce Gsm x U(1)x singlets $ and 3> c to break U(l)z which prevents the RHNs from having Majorana 
mass terms. If the Gsm x U(1)x singlets develop the intermediate scale VEVs along the D-flat direction 
of ($) = ($ c ), then the U(l)z is broken and the RHNs obtain the mass terms through the trilinear terms 
Y M <S>N C N C in the superpotential. After the symmetry is broken, as the R-parity symmetry 



R = exp 



(3x -8y + 15z) 



(3) 



remains unbroken, G\ = Gsm x U(1)x x R survives at low energy. This is the symmetry of the low energy 
extra U(l) model. 

Within the renormalizable operators, the full Gi symmetric superpotential is given as follows: 



W 1 = W + W s + W B , 

Wo = Y U H U QU C + Y D H D QD C + Y E H D LE C + Y N H U LN C + Y M $N C N C , 

W s = kSgg c + \SH U H D , 

W B = XiQQg + X 2 g c U c D c + X 3 gE c U c + X ig c LQ + X 5 gD c N c . 



(4) 
(5) 
(6) 

(7) 



For simplicity, we drop gauge and generation indices. Where Wo is the same as the superpotential of the 
MSSM with the RHNs besides the absence of /i-term, and Ws and Wb are the new interactions. In Ws, 
kSgg c drives the soft SUSY breaking scalar squared mass of S to negative through the renormalization 
group equations (RGEs) and then breaks U(l)x and generates mass terms of exotic quarks, and XSH U H D 
is source of the effective /x-term. Therefore, Wo and Ws are phenomenologically necessary. In contrast, Wb 
breaks baryon number and leads to very rapid proton decay, which are phenomenologically unacceptable, so 
this must be forbidden. 
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Table 1: G 2 assignment of fields. Where the x, y and z are charges of U(l)x, U(l)y and U(l)z, and Y is 
hypercharge. 



2.2 S4 Flavor Symmetry 

We show how the S4 flavor symmetry forbids the baryon number violating superpotential Wb ■ Non- Abclian 
group S4 has two singlet representations 1, 1', one doublet representation 2 and two triplet representations 
3, 3', where 1 is the trivial representation. As the generation number of quarks and leptons is three, at 
least one superficld of {Q, U c , E c , D c , L, N c , H D ,g c , H u , g, S} must be assigned to triplet of S4 in order to 
solve flavor puzzle. As we assume that full E 6 symmetry does not realize at Planck scale, there is no need 
to assign all superfields to the same S4 representations. The multiplication rules of these representations are 
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as follows: 



3x3 = 1 + 2 + 3 + 3', 3' x 3' = 1 + 2 + 3 + 3', 

3 x 3' = 1' + 2 + 3 + 3', 2x3 = 3 + 3', 

2x3' = 3 + 3', 2x2 = 1 + 1' + 2, (8) 

1' x 3 = 3', 1' x 3' = 3, 

l'x2 = 2, l'xl' = l. 

With these rules, it is easily shown that all the S4 invariants consist of two or three non- trivial representations 
are given by 

l'l', 2-2, 3-3, 3' -3', l'-2-2, l' • 3 • 3', 2-2-2, 2-3-3, 

2-3-3', 2 -3' -3', 3-3-3, 3-3-3', 3 3' 3', 3' 3' 3'. (9) 

From these, one can see that there is no invariant including only one triplet 2 . Therefore, if g and g c are 
assigned to triplets and the others are assigned to singlets or doublets, then Wb is forbidden. This provides 
a solution to the proton life time problem. 

2.3 Exotic Quark Decay and Proton Decay Suppression 

The absence of Wb makes exotic quarks and proton stable, but the existence of exotic quarks which have life 
time longer than 0.1 second spoils the success of Big Ban nucleosynthesis. In order to evade this problem, 
the S4 symmetry must be broken. Therefore, it is assumed that the S4 breaking terms are induced from 
non-renormalizable terms. We introduce G2 singlet T as triplet of S4 and add the quartic terms: 

W NRB = -Lt (QQg + g c U c D c + gE c U c + g c LQ + gD c N c ) . (10) 

IVl p 

Where the order one coefficients in front of each terms are omitted for simplicity. When T develops VEV 
with 

(11) 

the phenomenological constraints on the life times of proton and exotic quarks are satisfied at the same 
time [4] . The violation of S4 symmetry gives S4 breaking corrections to effective superpotential through the 
non-renormalizable terms which are expressed in the same manner as Eq.(10): 

W NRFV = -r^-T 2 (H U QU C + H D QD C + H D LE C + H u LN C + M'N C N C + SH U H D ) + -^—TSgg c . (12) 
Jvlp Alp 

Since the above corrections are negligibly small, the £4 flavor symmetry approximately holds in low energy 
effective theory. One finds that the most economical flavon sector is the one which is exchanged T into 
superficld-product; $$ C /Mp, by embedding $ c to a S4 triplet (Hereafter, we call $ and $ c as flavon which 
is the trigger of flavor violation.). In this case, the condition of Eq. (11) correspond to the following relation: 

<5§W" (13, 

and then the right-handed neutrino mass scale can be predicted as follows: 

M R - ($) - 10~ 6 M P - 10 12 GeV. (14) 

Hence, by applying the above relation to the measurement of proton and exotic quarks (In our model, we 
call exotic quarks as <?-quark.) life time, it is expected that one can determine the right-handed neutrino 
mass scale. 



3 Quark and Lepton Sector 

At first, we define Wo that contributes mass matrices of quarks and leptons. Although the S4 symmetry 
reduces the Yukawa coupling constants, there is still an overabundance of parameters. In order to reduce 
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Table 2: S4 x Z 2 assignment of superfields (Where the index i of the S4 doublets runs i = 1,2, and the index 
a of the S4 triplets runs a = 1, 2, 3.) 



the Yukawa coupling constants further, we extend the flavor symmetry to S4 x Z 2 [13]. In our model, all 
chiral superfields are assigned to the representations of S4 x Z 2 as Table 2. 

The superpotential Wo which is consistent with G 2 and the symmetries of Table 2 is given by 

Wo = Y 1 u HV(Q 1 U? + Q 2 UZ) + Y 3 u HVQ 3 UZ 

+ Y?Q 3 (H?U; + H^U C 2 ) + Y 5 u (HYQi + H^Q 2 )U C 3 

+ Y 1 D H 3 D {Q 1 D c l + Q 2 D C 2 ) + YfH°Q 3 D c 3 

+ Y°Q 3 {H°Dl + H^D C 2 ) + Y 5 D (H[>Q 1 + H?Q 2 )D° 3 

+ Y 2 N [HYfaNS + L 2 N<{) + H 2 {L\N[ - L 2 N 2 )] 

+ Y 3 N H^L 3 N^ + Y 4 N L 3 (H?N° + H% iV 2 c ) 

+ Y^El{H^L\ + H?L 2 ) + YfE$H?L 3 + Y E E C 3 {H E L 2 - H?L X ) 

+ ^ M ^{N^ + N^) + ^Y 3 M ^Nl (15) 

There are sixteen complex Yukawa coupling constants in this superpotential. The twelve phases of these 
can be absorbed by redefinition of the five of six quark superfields {Qi, Q 3 , Uf, U 3 , Df, D 3 } and seven lepton 
superfields {L t , L 3 , E{, E%, Eg, N?, N§}. Without loss of generality, we can define Y 3 U 45 , Y£ 5 ,Y 2 N 4 , Yf 23 , Y/f 3 
to be real. We define the phases of complex Yukawa couplings as follows: 

yv = e ia \Y?\, Yf = e ip \Y?\, Y 3 D = e^\Y 3 D \, Y 3 N = e iS \Y 3 N \. (16) 

We write the VEV of the flavon as 

(*> = V, (17) 
and the VEVs of the SU(2) W doublet Higgses as 

(H?) = v u cos# u , (H 2 ) = v u sm6 u , (H") = v' u , 

(H?)=v d cos6 d , (H 2 °)=v d sme d , (H?) = v' d , (18) 
where we assume these VEVs are real and the parameters V, v Uyd , v' u d are non-negative and the relation 

(19) 

is satisfied. If we define the non- negative mass parameters as follows: 



(20) 
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= \YF\<, 


ml 


= Y 3 u v' u , 


m\ 


- Y u v 


ml = Y 5 u v U7 


mf 


= \Y 1 D \v' d , 
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= \y 3 d K, 
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= Yfv d , 


mf = Y°v d , 
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2 T' does not have this property but A4, A(27) and A (54) have. 
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then the mass matrices of up-type quarks (M„), down-type quarks (Md), charged leptons (Mi), Dirac 
neutrinos (Mb) and Majorana neutrinos (Mr) are given by 



e la m\ 



M u = 
Mi = 

Mr = 







ra\ sin o u 



m l 3 cos Ud 




m[cos9d — mgsin 



m\ sin 9d 

m\ 

Mi 

Mi 

M 3 




M d = 



M D = 



e i0 mf 





mf cos 0<j 





e^mf 


sin 9d 


mf cos 0d 


mf sin 9d 




TO2 sin 9 U 


m 2 cos ( 


K 


m,2 cos 


— m2 sin 


U 


m.4 cos 9 U 


TO4 sin 6 


u e i5 ml 



(21) 



After the seesaw mechanism, the light neutrino mass matrix is given by 



M D M R Y M D = ' 



My 



P2P4 sin26*„ 

P2 P2PaCos29 u 

p 2 pA sin 29 u p 2 p4 cos 29 u p\ + e 2%& p\ 
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ml 
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IM, 



In the lepton sector, the mass eigenvalues and diagonalization matrix of charged leptons are given by 

V lR MfVi L = diag(m e ,m^,m T ) = (m l 2 ,m 3 ,m[), 



Vi L = 
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and those of the light neutrinos are given by 



VtM v V v 



diag(e 



i(<t>i-<t>) 



sin 29 u — cos 29 u 
cos20„ sin20 M 
1 






sin 6 



(22) 

(23) 

(24) 
(25) 

(26) 

(27) 
(28) 



from Eq.(25) and Eq.(28), the Maki-Nakagawa-Sakata (MNS) matrix is given by 
Vmns — VilYvPv = 



-e~^cos#„ — sm9 v 
-cos#sin#„ e*^ cos 9 cos 9 V 
-sin^sin^^ e 1 ^ sin 9 cos 9 V 




where 

Following ref. [13], we get 

tan 2 9 V 

sin(0i - fa) 
sin(0i - (f>) 



9 = 9 d + 29 u , 

P v = diag(e-^-^' 2 ,e-^+^l\l). 



m^ 2 — to 2 ^ sin 2 1 



m„ Q cos < 



m 2 ^ — m 2 3 sin <p + m„ 3 1 cos < 



m„ 3 sin <p 
m Vl m V2 
sine 



m l 2 ~ m i 3 S1 " 



in 2 cj) + ^ 



m l ± - m l 3 sm2 ' 



1 - sin 



m\ - ml 3 sin 2 , 



(29) 



(30) 
(31) 



(32) 

(33) 
(34) 
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After the redefinition of the fields, the MNS matrix is transformed to the standard form in Eq.(106) where 
the parameters are given by 

913=0, = e 23 = 0, a' = ^^, ff = *^±. (35) 

If the neutrino masses have been measured, the two Majorana phases a' and j3' would be predicted by 
Eqs.(32), (33), (34) and (35). In addition, 813 — is predicted, so totally three predictions are given in the 
lepton sector. 

In the quark sector, the mass eigenvalues and diagonalization matrices of quarks are given as follows: 

V 1r M u V uL = diag(m u ,m c ,m t ), (36) 

10 \ / cos6 uL sin0 uL 

V uL = V u I 1 1 I S 12 , (37) 

e l ^ L J \ -sm9 uL cos6»„ L 

10 \ / co$9 uR su\9 uR 
V uR = V u I 1 1 I S 12 , (38) 

e^"« / \ -sm9 uR cos9 uR 

cos 9 U — sin 9 U \ 

V u = ( sin<9„ cos6> u , (39) 
1/ 

ml = (ml) 2 , (40) 

ml = \[{mtf + {mt) 2 + (r<) 2 + K") 2 - M 2 ] , (41) 

m 2 = i[( m « ) 2 + (m «)2 + (m « ) 2 + (m « ) 2 +/U 2 ]; (42) 



/4 



yj ((m«) 2 + (m«) 2 - (m«) 2 _ (ml) 2 ) 2 + 4^ (43) 
L u — \J {m\m\ cos a + mlml) 2 + (m\rri% sin a) 2 , (44) 



R u — Y(m"m5 cosa + TO3TO4) 2 + (m"™^ sina) 2 , (45) 
2Lu 

(ml) 2 + {ml) 2 - {ml) 2 - (ml) 



tan20„i - , (46) 



mlml sin a 

tan0„ L = - 1 -, 47 

mlml cos a + mlml 

1R 

t&n29uR = (ml) 2 + (ml) 2 ~(ml) 2 ~ (ml) 2 ' (48) 

— 77i?TOrsina , 
mlml cos a + mlml 

V dR M d V dL = diag(m d ,m s ,m b ), (50) 

10 \ / cos0 dL sm9 dL 
V dL = V d I 1 1 I S 12 , (51) 

e^" / \ -sin (9^ cos0 d L 

10 \ / cos6 dR sin9 dR 
V dR = V d I 1 1 1 S 12) (52) 

e**-* J \ - sin 9 dR cos9 dR 

cos #d — sin 6 d \ 
= I sin9 d cos6 d , (53) 
1/ 

m 2 = (mi) 2 , (54) 
m 2 s = 1[K) 2 + K) 2 + K) 2 + K) 2 - M 2 ], (55) 

m\ = \[(mif + (mif + (mif + (mif+^ d ], (56) 
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L d 

Rd 

tan2fl dL 
tan 4> dL 

tan 26» dfl 
tan 

S12 



{mf) 2 - (mf) 2 - (mf) 2 ) 2 + 4L 2 , 



\/ (( m 3 

(mfmf cos /? + mfjinj cos 7) 2 + (mfmf sin /? — m^irij sin 7)^ 
\J (mfmf cos /3 + mfmf cos 7) 2 + (mfmf sin /3 — mfmf sin 7) 2 



(mf ) 2 + (mf ) 2 - (mf ) 2 - (mf ) 2 ' 
mfmf sin /3 — mfmf sin 7 
mfmf cos /3 + mfmf cos 7 ' 

2Rd 

(mf ) 2 + (mf ) 2 - (mf) 2 - (mf) 2 ' 

—mfmf sin f3 + mfmf sin 7 
mfmf cos /3 + mfmf cos 7 

1 
-10 
1 



(57) 
(58) 
(59) 
(60) 

(61) 

(62) 

(63) 

(64) 



from which the Cabibbo-Kobayashi-Maskawa (CKM) matrix is given by 

VcKM = Vl L VdL = 

cos 9 — sin 9 cos 9 dL — sin 9 sin 9&l 

sin 9 cos 9 u l cos 6> cos 9 u l cos + e 1 ^ sin sin 6*^ cos 9 cos u l sin 6 d L — e 1 ^ sin #„l cos 9dL 
sin sin 9 u l cos 6> sin cos 6 d L ~ e 1 ^ cos 9 u l sin 0^ cos 6> sin 9 u l sin + e 1 ^ cos cos 

(65) 

where 

9 = 9 d -9 u , (j> = (f> dL - <p uL . (66) 
The experimental values of the matrix elements and Jarlskog invariant in Eq.(172) are reproduced by putting 



9 = 13.3°, 



2.0E 



9 dL = 0.99°, 



-83.9° 



(67) 



In ref. [13], it is assumed that the VEVs of Higgs S3 doublets are fixed in the direction of 9 U = 9 d = j, 
which enforces 9 = (and predicts the atmospheric neutrino mixing angle is maximal). This means the 
Cabibbo angle is zero. In contrast, there is no such a condition of vacuum directions in this model. 

Due to an overabundance of free parameters, there is no prediction in quark sector. But we can show 
that there exist consistent parameter sets. For example, if we put 



a 



m\ 



0.00° 



-83.9°, 



1.28 MeV, 



ml = 172 GeV, 



7 = 83.9°, 

m\ = 17.2 GeV, ml = 6.23 GeV, 



2.91 MeV, mf = 1.94 GeV, mf = 2.14 GeV, mf = 74.2 MeV, 
1.75 GeV, m l 2 = 487 KeV, m\ = 103 MeV, 



(68) 



then the quark masses in Eq.(171) and the parameters of CKM matrix in Eq.(67) are reproduced. In this 
case, unknown mixing angles 9 u r, 9 d R and phases <puR, <\>dR are given by 



9 uR = 5.70°, # di? = 47.8°, <t> uR = Kl = 0.00°, <j> dR = -$ dL = 83.9°. 



(69) 



These parameters can be expressed by the perturbativc Yukawa coupling constants and the VEVs of Higgs 
fields through Eq.(20), for example as follows: 



yE 



41.4 GeV, 
= 8.53 x 10~ 6 , 
= 5.87 x 10~ 5 , 
= 0.0292, 



yU 

yD 

vE 
x 1 



150 GeV, 
= 1.15, 
= 0.0392, 
= 9.84 x 10~ 6 , 



v d 



yU 

yD 

VE 
r 3 



60.0 GeV, 
= 0.415, 
= 0.0357, 
= 1.72 x 10" 3 . 



Y 5 U 
Yf 



49.5 GeV, 

= 0.150, 

= 1.23 x 10" 3 



(70) 



As all the coupling constants of the model are perturbative, it is consistent that the fundamental energy 
scale is much larger than the electroweak scale, which is the base of naturalness problem. 
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4 Higgs sector 



Next, we define Higgs potential and solve its minimum condition approximately. With gauge symmetry in 
table 1 and flavor symmetry in table 2, superpotential of Higgs sector is given by 

W H = \ 1 S 3 (H¥h[ > + H 2 H 2 ) + \3S3H3 

+ XiHU^H? + S 2 H°) + As^Sitff + SiH%) C W s , (71) 

where one can take, without any loss of the generalities, Ai.,3,4,5 as real, by redcfinining of four arbitrary 
fields of {Si, S 3 ,H^ ,H®}. However, this superpotential could have would-be goldstone bosons 
when all of the Higgs fields acquire VEVs, because of an accidental 0(2) symmetry induced by the common 
rotation of the S4 doublet. In order to avoid the problem, we assume that the flavor symmetry should be 
explicitly broken in the soft scalar mass terms, which can play role in giving the controllable parameters for 
the direction of the SU{2) doublet Higgs VEVs. 

As the Higgs potential has too many unknown parameters, we make several assumptions. In the super- 
potential, we assume the parameters Aj are hierarchical for examples, as follows: 

A 5 < Ai = 0.03 < A 3 = A 4 = 0.3. (72) 

Then, we can neglect the first and fourth term in Wh- Note that, too small Ai is not consistent with 
chargino mass bound M c h ar gino > 94GeU, and too large A3,4 make Y 3 U reach Landau pole below Mp. With 
this assumption, F-term and D-term contribution to Higgs potential is given by 

Vsusy — l^H^H^ + \\ i H 3 J H[ > \ + \\4,H^H 2 \ 
+ I A 3 S , 3i? ; P + A 4 (S'i-ffj D + S 2 H 2 )\ 
+ I ^sS 3 H 3 J +|A4iJ^ / S'i| + |A4_ff| / S , 2| 

+ \ 9 i E [(itf)Wtf + (H?y* A H?] 2 + U [i^i 2 - \ H ^] 2 

+ ±gl[x H u\HV\ 2 +x H »\H?\ 2 +x s \S a \ 2 ] 2 , (73) 
where index a runs a = 1,2,3, and flavor symmetric SUSY breaking terms are given by 



+ mldS^ + lS^-mlJSsl 2 

- {\ 3 A 3 S 3 HUH° + \ a A a hV(S 1 H? + S 2 H 2 D ) + h.c.} , (74) 

where all parameters in Vsb can be real in some SUSY breaking scenario, for example, in the case that 
A-parameters are induced by gaugino mass through RGEs, A-parameters become real. In order to avoid 
goldstone bosons, we assume flavor violation in soft scalar mass terms, and add flavor violating terms as 
follows: 

Vsbfb = -m 2 BHU (H^)HH^c H u +H^ SH u)-m 2 BS (S 3 )HS lCs + S 2S s) + h.c., (75) 

where we assume flavor violation is induced by VEV of £4 doublet Z 2 odd auxiliary field in hidden sector. 
In this paper, we do not consider hidden sector which is beyond our paper. With this assumption, the term 
m 2 HD {H 3 )^ (H®c h d + H^Shd) should be included in Vsbfb- Here we assume this term is approximately 
negligible. In this approximation, all parameters of potential V = Vsusy + Vsb + Vsbfb are real, because 
we can remove the phases of 

^bh u and in^s field redefinition. After the redefinition, three phases of 
m BH u bh d bs are transformed into \i,5,m BHD which are assumed to be small and negligible. 
From the defined potential above, the potential minimum conditions are given by 

dV 

= ~^E7u /(vuCu) = m 2 H u -m BH uC H u(v'Jv u c u )+glx H ux s (v 2 + (v' s ) 2 ) 



- {\{9 2 Y+9l){vl + {v' u ) 2 -v 2 -{v' d ) 2 ) 
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+ g 2 x x H u [x H u (v 2 u + (v'J 2 ) + x H n (v 2 + (v' d ) 2 )} } , (76) 
= m \u -m% HU s H u(v' u /v u s u ) + g 2 x x H ux s (v 2 s + (v'J 2 ) 



+ g 2 x x H u[x H u(v 2 u + (v'J 2 )+x H n(v 2 + (v' d ) 2 )}} , (77) 



+ ^(.^+.g 2 2 )(^ + (<r-^-w) 



5 

= -q^uI v 'u = - m HV - ^A 3 v' s (v' d /v'J - X 4 A 4 [v s c s (v d c d /v'J + v s s s (v d s d /v' u )} 

~ ™%HV \ C HV {VuCu/v'J + S H u (v u S u /v' u )] 

+ ^iWsf + + 9 2 x x H ux s (v 2 + (v'J 2 ) 

+ {^(^) 2 + + \{g 2 Y + g 2 )(v 2 u + (v'J 2 -v 2 - (v'J 2 ) 

+ g 2 x x H u[x H u(v 2 u + (v'J 2 )+x H n(v 2 + (v' d ) 2 )}}, (78) 

dV 

/(v d c d ) = m 2 HD - X 4 A 4 v' u (v s c s /v d c d ) + X4(v s c s /v d c d )[X 3 v' s v d + X 4 (v s c s v d c d + v s s s v d s d )} 



D ' 



dV 



+ 9 2 x x h dx s (v 2 + (v' s ) 2 ) 

+ {a 2 «) 2 - \(g 2 Y + gl)(v 2 u + (v'J 2 -v 2 - (v' d f) 

+ g 2 x x H o[x H u(v 2 u + (v'J 2 ) + x H o(v 2 + (v' d ) 2 )}} , (79) 

2 



= — p/(v d s d ) = m 2 HD - \iA4,v' u {v s s s /v d s d ) + M{v s s s /v d s d )[\sv'y d + Xi{v s c s v d c d + v s s s v d s d )\ 

+ glx H Dx s (v 2 + (v' s ) 2 ) 

A 4«) 2 - \(9y + gl)(v 2 u + (v'J 2 -vj- (v' d ) 2 ) 
+ g 2 x x H o[x H u(v 2 u + (v'J 2 )+x H o(v 2 + (v' d ) 2 )]} , (80) 

dV 

— u/ v 'd = m \o - X 3 A 3 v' s (v' u /v' d ) + X 3 (v'Jv' d )[X 3 v' s v' d + X 4 (v s c s v d c d + v s s s v d s d )} 



dH 3 

+ glx H Dx s (v 2 + (v'J 2 ) 

+ {Af.K) 2 - \(g 2 Y + gl)(v 2 u + (v'J 2 -v 2 - (v' d f) 

+ g 2 x x H »[x H u(v 2 u + (v'J 2 )+x H »(v 2 + (v' d ) 2 )}}, (81) 

dV 

= ^/K C *) = m S - m2 BS«/ v sC s )c S + g 2 x X 2 s (v 2 + (v'J 2 ) 



dS! 1 



+ {-X 4 A 4 v' u (v d c d /v s c s ) + X 2 4 (v'J 2 + X 4 (v d c d /v s c s )[X 3 v' s v' d + X 4 (v s c s v d c d + v s s s v d s d )] 
+ g 2 x xs[x H u(v 2 u + (v'J 2 )+x H n(v 2 + (v' d ) 2 )}} , (82) 



0= ^&^ V ' 8 ^ = m2 s- m2 Bs( v 'slv s Ss)ss + 9 2 x x 2 s (v 2 s + (v'J 2 ) 



2 



+ {-X 4 A 4 v' u (v d s d /v s s s ) + Xl(v'J 2 + X 4 (v d s d /v s s s )[X 3 v' s v' d + X 4 (v s c s v d c d + v s s s v d s d )} 

+ g 2 x x s [x H u(v 2 u + (v'J 2 )+x H n(v 2 + (v' d ) 2 )}} , (83) 

dV 

= Qg-J v 's = - m S 3 - m 2 BS [(v s c s /v'Jc S + (v s s s /v'Js s }+g 2 x x 2 s (v 2 + (v'J 2 ) 

+ {-hA 3 v' u (v' d /vJ + A 2 «) 2 + X 3 (v' d /v'J[X 3 v' s v' d + X 4 (v s c s v d c d + v s s s v d s d )} 

+ g 2 x x s [x H u(v 2 u + (vJ 2 )+x HD (v 2 + (v' d ) 2 )}} , (84) 

where we define the VEVs of the Gsm singlet as 

(Si) = v s cose s , (S 2 ) - u s sin0 s , (S 3 ) = v' s , (85) 

and hereafter we neglect the terms in bracket { }, because those are very small (Note that v Uid ,v' ud <C 
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v s , v' s .). Solving the Eqs.(76)-(84), we get 

'c s s s 



= (.-. 0. = 9 S ), 



ml - m 2 BS (v' s /v s ) + g 2 x x 2 s (v 2 s + (v' s ) 2 ) = 0, 
-m 2 3 - m 2 BS (v s /v' s ) + g 2 x x 2 (v 2 + (v' s ) 2 ) = 0, 

c 



— =0 (.-. 

Vd 



= 9 S 



X 4 [X 3 v' 8 v' d + X 4 v s v d (c s c d + s s s d ) - A 4 v' u ] I — 

\Cd Sd, 

X 4 A 4 v s {v' u /v d ) + X 3 X 4 v s v' s (v' d /v d ) + Xjv 2 + g 2 x x s x H D (v 2 + (v' s ) 2 ) = 0, 
X 3 A 3 v' s {v'Jv' d ) + X 2 (v' s ) 2 + X 3 X 4 v s v' s (v d /v' d ) + g 2 x x s x H o (v 2 + (v' s ) 2 ) 

C H U S H U 



HI'JJD 



o. 



m BH u{v' u /v u ) 



(. 



On 



m 2 HU 



m BHv( v u/ v u) + 9x x SXhv{v s + K) ) 



= o, 



- m- ul - X 3 A 3 v' s {v'Jv' u ) - X 4 A 4 v s (v d /v' u ) - m 2 BHU {v u /v' u ) 



+xuv' s y + xpi + gtx s x H u {v; + k) ) = o. 

Using Eqs.(86)-(94), mass matrices of neutral CP-even (0) and CP-odd (p) Higgs bosons are given by 



(86) 

(87) 
(88) 

(89) 

(90) 
(91) 

(92) 
(93) 

(94) 



M 2 = 



M 2 



M 2 = 



M 



M = 



Mi 



M 2 ud 



+ 



M 2 

UU 


Kd o \ 


M 2 du 


M 2 dd 





M 2 S J 


M 2 

UU 


-M 2 ud 




M 2 dd 





M 2 S 



(95) 
(96) 



m 2 BS {v'Jv s ) + 2g 2 x 2 (v s c s ) 2 

2g x x s v s °s s s 

-m 2 BS c s + 2g 2 x 2 s v s v' s c s 

m 2 BS (v' s /vs) 

m 2 BS (v'Jv s ) 



-m R «c 

„2 



2 



m 2 BS «/vs) + 2glx 2 s (v s s s ) 2 
-m 2 BS s s + 2g%x% v s v' s s s 



l BS u s 

i BS s s 



i Bs ^s 
l BS S s 



2g 2 x 2 s v s v' s c s 
2g 2 x x 2 s v 8 v' s s s 



m 2 BS (v s /v' s ) + 2g 2 x x 2 (v' s ) 2 



- rn 



BS°s 



m BS {v s /v' s ) 



bhvK/ v v) 

m 2 Bu {v'Jv u ) 



2 

rn BH u ' Su m BH u K/O + X 3 A 3 v' s (v' d /v' u ) + X 4 A 4 v s {v d /v' u ) 



(97) 
(98) 

(99) 



-Xj(v s s s ) 2 - X 3 X 4 v s v' s (v' d /v d ) Xlvic s s s 

X 2 v 2 s c s s s -X 2 4 (v s c s ) 2 - X 3 X 4 v s v' s (v' d /v d ) 

X 3 X 4 v s v' s c s X 3 X 4 v s v' s s s 

X 4 A 4 v s (v' u /v d ) 

X 4 A 4 v s (v' u /v d ) 

X 3 A 3 v' s (v'Jv' d ) 



] = (Mi) 4 , 

-X 4 A 4 v s c s -A4^4w s s s -X 3 A 3 v' s 



X 3 X 4 v s v' s c s 
X 3 X 4 v s v' s s s 
-X 3 X 4 v s v' s (v d /v' d ) 



where v u ,v' u ,v d ,v' d <C v s , v' s is assumed and defined as 

u,i ~t~ iPu.i i ttD\0 4*d,i ~t~ ipd,i 



U\0 



V2 



V2 



s,i ^Ps,i 

~7T~ 



(i = 1,2,3). 



(100) 
(101) 

(102) 



Hereafter we do not consider <j> s ,p s , because these fields do not mix with <t> u .d,Pu,d and never contribute 
FCNC. Because the mass matrices are partially diagonalizcd as follows 

(M 2 )' = V l M 2 V,. 
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m BHv( v 'J v u) 



m 



—m 



BH U 





l;hu( V 'u/Vu) 




(M 2 dd y 



= VlMl d V d = 



BH U 



K) + hA 3 v' s (v d /v' u ) + X 4 A 4 v s (v d /v' u 

X 3 X 4 v s v' s 




(103) 



\ 4 v s [A 4 (v' u /v d ) - X 3 v' s (v d /v d )\ 
Ml 



X 3 X 4 V s v' 



M \a = X 4 y s{M</vd) - X 4 v s - X 3 v' s {v' d /v d )}, 



f2 \l _ frt Jl/f2 T / | g g Q 

-X 4 A 4 v s -A 3 A 3 < 



{Mi d y = VlMi d V d = 



X 3 v' s [A 3 (v'Jv' d )-X 4 v s {v d /v' d )] 



(104) 
(105) 



where and V d are defined in Eq. (39) and Eq. (53), respectively, one can see that the mixed states 



6 d.2 



-<j>u,lS u + <j) u ^Cu, p' u ,2 = -Pu,\S u + p u ,2C u 
-<f>d,lS d + 4>d,2Cd, p'd.2 = -PdS-Sd + Pd,2C d 



(106) 
(107) 



arc mass eigenstates. Note that CP-even Higgs bosons 4>' u 2 , (j>' d 2 and CP-odd Higgs bosons p' u _ 2l p' d2 have 
the same mass eigenvalues in this approximation, respectively. 

5 Cancellation of Higgs and SUSY-FCNC Contributions 

Finally, we evaluate the Higgs and SUSY contributions to FCNC. Here we calculate K° — K a , B° — B° and 
D° — D a mass differences. 

5.1 Higgs contributions 

First, we explain how Higgs bosons mediate FCNCs. Yukawa coupling interactions of quarks and charged 
lcptons between neutral Higgs bosons are given by 



-C Y = 



+ (h,l2,h)R 



o 

u (uU\o 




Y?(HY? 
Yi>(H?f 



Y°{H?f Y°(H?)° Y 3 D (H 3 D f 



Y°(H°)° 



Yf(H?y 
-Y 3 E (H 2 D f 



Yf(H, 


Y 3 E (H{ 



D\0 



Y 2 E (H 3 D T 




+ h.c. 



(108) 



With the basis that quark and lepton mass matrices are diagonal, these terms are rewritten by 



+ 



+ 



H 22 - 



#23 



-^(% C,t) R 



-^(d,s,b) R 



-^(e,P-,T)R 



Y-^{4>u, 3 + ipu, 3 ) 
Y^ s uR (<f>' u2 + ip' u2 ) 
-Y 5 u c uR (^ u2 + ip' u2 ) 

Y 1 D ((t> d , 3 + ip d , 3 ) 
vY 5 D s dR (<j}' d2 + ip' d2 ) 
-vY E c dR ((t)' d2 +ip' dt2 ) 

iPd, 3 ) 



Y A U s uL ((j)' u2 + ip' u2 ) -Y^c uL {(j) ' 2 + ip' u2 



22 



H: 



23 



H. 




vYf s dL (<j)' d2 + ip' d2 ) -r}Yfc dL (<j>' d2 + ip' d2 ) 



H 22 
H 3 2 



-Y 2 E ( 







"o Y 3 E (<p' dA+l p' dA ) 
Yfi^+ip'^) 

iPu, 3 ) ~ Y^s uR ((p' u l + ip' uA )]c uL 

ip'u.i) - \Y 3 \s u r{4>u,Z + ipu, 3 )]s u L, 
U , 



[Y? c uR {<t> u , 3 
[Y 4 U Cu R (4>' uA 

[Yi 'c uR (4> u . 3 + ip u , 3 ) - Y^ ' s uR (4>' u l + ip' Utl )]s uL 



H 2 3 
H 33 



-Y 3 E ( 



J d,2 



l Pd- 



Y 1 E (<l> , d , 1 +^p' d , 1 ) 



d 
s 
b 



+ h.c, (109) 



(110) 
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H 32 



H 33 



[Y 4 U c uR (<P' uA +ip' U!l )-\Y 3 u \ 
Wi s uR ((/> Ut3 + ip Ut3 ) + Y"c 
[Y 4 u s uR 



'u,l 



S 

'uR 



ip'u.l)] c uL 
3 + iPu,3)]SuL, 



+ 

H 22 = 



H 23 



H 32 



H 33 



V 

where 



i,l+ip' u ,l) + \ Y 3 U \CuR(<t>u^ . .. 

[Yf s uR ((f> Ui 3 + ip Ui3 ) + Y^c uR {(j)' ul + ip' Uil )]s uL 
[Y 4 U s uR (<j)' ul + ip' ul ) + \Y 3 U \c uR ((j) u . 3 + ip u .3)]c uL 
\Xx 'c dR (<f> d , 3 + ip d , 3 ) - t]Y 5 d s dR ((f>' dA + ip' dA )]c dL 
v[YfcdR(4>'d,i + iPd.i) - il\Yz D \sd R {<j>d,3 + ip±s)]s 



ipd,3)]sdL, 

= [Yfc dR {</> d , 3 + ip d ,3) - VY 5 D s dR ((f>' d l + ip' d ,i)]sdL 
v[Y 4 D c dR ( ' 



+ 



Pd,3 



[Yfsdni 
V[Y 4 D ' 
[if 



' iPd,3)]CdL, 
Pd.l ^iPdA^CdL 



- WD 



+ 



4>'d,i + ¥'d,i)-v\Y 3 D \s dR ( 

>d,3 + ipd,3) + rjY® Cd R { X ' 

' s dR(<Pd,l + + V\Y 3 D \c dR ((f>d,3 + ipd,3)]sdL, 

- L D Sd R ((j)d,3 + iPd,3) + vY 5 D Cd R (<f> d ,i + ip'd.i^dL 
ri[YF s dR {4>' dl + ip' dl ) + r]\Y 3 D \c dR {(t>d,3 + ipd,s)]cdL, 



(111) 

(112) 

(113) 

(114) 

(115) 

(116) 

(117) 
(118) 



b'u,l = 4>u.\C u + 4>u.2 s u, Pu.l = Pu.lCu + Pu,2S v 
= 4>d,lC d + 4> d .2 s d, Pd 1 = Pd.lCd + Pd.2 s d- 



(119) 

(120) 



From these interactions, we can evaluate FCNC processes. For example, one can see that (j)' d 2 and p' d 2 
mediate flavor changing operator such as {d R dL)(dLS R ) , which contributes K° — K° mass difference Attik- 
Note that the terms (d R SL){d R SL) and (d~LS R )(dLS R ) are not induced because contributions to them from 
4>' d 2 and p' d 2 are cancelled due to degeneration of masses. However, lepton flavor changing processes such 
as /1 — ^ cy, t — y p^y and r — > are not induced. 

Flavor violating effective interactions are given by 

Y±Y§ S u lS uR , a \i- 0\ , Y 4 D Y® S d LS dR . - a \ij P\ 
L-Higgs-FCNC = 2 (.U R ^C L ){u L ^c' R ) H g {d R , a S L ){d L ^S R ) 



m 4 



rrij 



Y 4 Y 5 C dL C dR - , a wT yBx 

+ n (d R , a o L )(d L ,i3b R ), 



rrij 



(121) 



where a and /3 are color indices. From this Lagrangian, we can evaluate the Higgs contributions to Attik, 
Attib and Amu as follows: 



{Am K )Higgs 



(Am B )Higgs = 



(Am D ) Higgs 



2Re(K \(-£ mggs ^ FC Nc)\K°) 
Y 4 D Y 5 D s d LSd R 



(d R , a s1)(d Lif }S R ) 



2Re (B \(—£ Higgs _ FCNC )\B°) 
Y 4 D Y<PcdLC dR 



(d R , a bt)(d L ^b p R ) 



2Re(D \(-C mggs -FCNc)\D ) 

Y U Y U ? r * r> I 

*A 1 5 AmLAmT? / jjQ 



{u R , a cD(u L ,pc R ) 



K 



B 



D° 



(122) 



(123) 



(124) 



where 



(d R , a sD(d Lt 0S R ) 



K 



1 If m,K° 
24 + 4 \m s (2GeV) + m d (2GeV) 



m K »f 2 K 
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6.56 x 10 7 MeV 3 , 



(d R , a b a L )(d L ^b p R ) 



B") = 



D° 



m B o 



1 1 

24 4 \m b (m b ) + m d (m b ) 

J_ 1 / m D o 

24 4 Vm c (m c ) + m„(m c ) 



(125) 

m B o/| = 9.21 x 10 7 MeV 3 , (126) 
m D o/|, = 4.99 x 10 7 MeV 3 ,(127) 



which are evaluated by using the parameters given in appendix. Requiring \(AmM)m g gs\ < Aitim(M 
K, B, D), we get 



m^ d 2 > A.6TeV (Am K ), 
m^ d2 > A.QTeV (Am B ), 
my > 37.6TeV (Am D ). 



(128) 
(129) 
(130) 



These constraints are too strong. In our model, SUSY contributions to FCNC may be used to cancel these 
Higgs contributions. However, in order to suppress AmK,B,D, we must give three cancellation conditions: 



\{Am M )mggs + (Am M )susY\ < \{Am M )m gg s\ (M = K,B,D), 



(131) 



which is unnatural. In the next subsection, we show the number of cancellation conditions are reduced to 
two from three. 



5.2 Squark and gluino contributions 

Now we evaluate SUSY-FCNC contributions. As we assume Am B is suppressed by cancellation: 

|(Am D ) ffi99S + (Am D ) SUS Y\ < \(Am D ) Higgs \, (132) 

we consider only K° — K° and B° — B° mass differences induced by squark and gluino box diagrams. These 
contributions depend only on down type squark mass matrices. Considering the following squark Lagrangian 

-C squark = m|(|Q 1 | 2 + |Q 2 | 2 ) + m| 3 |Q 3 | 2 +m 2 D (|^| 2 + |^| 2 ) + m^|C 3 c | 2 

+ {e-^|m| Q |Qj(c Q Qi + s Q Q 2 ) + e 1 ^ \m 2 BD \{D%?(c D Dt + s D D c 2 ) + h.c.} 

+ (D- terms), (133) 

one can see that down type squark mass matrix is given by 

-C-down- squark = {D 1 , D°) ( j | , \ (134) 



M\ R J { (D^ 

m Q e»°\m% Q \co 

M 2 L = | ^ m 2 Q e^\m 2 BQ \s Q j , (135) 

i \ r m 2 B Q \cQ e-^«|m| Q |s Q m 2 ^ 

m 2 D e^ D \m% D \c D \ 

m rr = | ml e^\m 2 BD \s D . (136) 

WbdVd e t4>D \m 2 BD \s D m\ j 

Where D-term contributions are absorbed into Wq q 3 d D . In super-CKM basis, squark mass matrices are 
given by 

(M 2 LL )' = Vj L M 2 LL V dL 

m Q VQ\ml Q \s Qd s dL -r] Q \m 2 BQ \sQ d c dL \ 

V* Q \m 2 BQ \s Qd s dL (M 2 d ) 22 (M 2 Ld ) 23 , (137) 

-V* Q \m 2 BQ \s Qd c dL {M 2 Ld )h (M 2 d ) 33 J 

(M 2 d ) 22 = m 2 Q {c dL f + m 2 Q3 {s dL f - \m 2 BQ \c Qd s dL c dL {r) Q + r,* Q ), (138) 
( M ld)23 = {m 2 Q -m 2 Q Jc dL s dL + \m 2 BQ \cQ d {T7 Q {c dL ) 2 -Ji* Q (s dL ) 2 ), (139) 
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( M ld)33 = m 2 Q (s dL ) 2 +m 2 Qa (c dL ) 2 + \m 2 BQ \c Qd s dL c dL {r)Q +Vq), (140) 

s Qd = sm(9 Q -6 d ), (141) 

VQ = rie**, (142) 
(KrY = Vj R M 2 RR V dR 

m 2 D r) D \m 2 BD \s Dd s dR -ri D \m 2 BD \s Dd c dR \ 

»&|m|zj|siM*«M (^) 22 (M 2 Rd )23 , (143) 
-^I^IdI^O^ (M^,)5 3 (M Rd ) 33 J 

(M Rd ) 22 = m 2 D (c dR ) 2 +m 2 D3 (s dR ) 2 - \m 2 BD \c Dd s dR c dR (-q D +r]* D ), (144) 

{ M mh3 = {m 2 D -m 2 D3 )c dR s dR +\m 2 BD \c Dd {ri D {c dR ) 2 - r^(s djR ) 2 ), (145) 

{ M R d)33 = m 2 D (s dR ) 2 + m 2 D;i (c dR ) 2 + \m 2 BD \c Dd s dR c dR (r] D + rf D ), (146) 

s Dd = sm(0 D -9 d ), (147) 

VD = rfe* D . (148) 

Here we assume degenerated mass squared parameters as 

m Q = TO Q 3 ' m D = m D 3 > ( 149 ) 

which are essential assumptions to realize cancellation between Higgs and SUSY-FCNC contributions. These 
relations are realized if gaugino mass contributions dominate in RGEs. With this assumption, diagonal 
elements of mass squared matrix are also degenerated approximately as follows: 

(M 2 Ld ) 22 ~ (M| d ) 33 * m 2 Q , (150) 

(M 2 Rd ) 22 ~ (M 2 Rd ) 33 ~ m|,. (151) 

Where we assume that the contributions from m 2 BD B q are negligible. Furthermore, we assume 7]q = r\u = 1 
to suppress 

/TO (if |£s(ysy_i? cat c |JT°). (152) 

Here flavor changing effective interactions induced by squark and gluino box diagrams are calculated in mass 
insertion approximation [14] as follows: 



-SUSY-FCNC = 



21QM 2 ^ K 



{(S 12 ) 2 LL [24xh(x) + 66/ 2 (x)] Oi + (S 12 ) 2 RR [24x/i(x) + 66f 2 (x)} 2 



+ (5i 2 )ll(Si 2 ) rr [(504a:/i(x) - 72f 2 (x))0 3 + (24xf 1 (x) + 120/ 2 (a;))O4]} 

2 

+ 216M 5- t (5l3) " [24y/l(y) + 66/2(y)] Pl + (Si3)rr [ 24 ^(y) + 66 -^)] P2 

Q,B 

+ (5i 3 )ll(Si 3 ) RR [(504j// 1 (y) - 72/ 2 (y))P 3 + (24y/ 1 (y) + 120. f 2 (y))P 4 }} , (153) 

where a 3 is SU(3) C gauge coupling, Mq^k and Mq^b are averaged squark mass, and the other parameters 
are defined as 

, 6(l + 3x)lnx + a; 3 -9a; 2 -9a; + 17 , „, 

= 6(^1? ' (1M) 

, . , &x(l + x)\nx- x z -9x 2 + 9x + l /irrN 
/»(*) = ^7—1)5 > ( 155 ) 

01 = (d^l^X^l^), A = (d L , a l„b L )(d L ^b L ), (156) 

2 - (d R , a ^s R )(d R ,^s R ), P 2 = (d R , a ^b a R )(d R ^b R ), (157) 

3 = {dn, a 8l)(d L ,f,4), P 3 = (d R , a b a L )(d L ,pb R ), (158) 

4 = (dfl,asi)(di^«S). p i = (d R , a b L )(d L ,pb a R ), (159) 
x \m 2 BQ \s Qd s dL -\m 2 BQ \s Qd c dL 

il2)LL = ' (<5l3) " = ' (160) 
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(M 



RR 



Ml 



\m BD \s Dd s dR 
M Q,K 



i ($13) RR 



\m BD \s Dd c d R 
M Ib ' 



Mf 



y 



.K 



Ml 
M 2 Q , B 



(161) 
(162) 



where M 3 is gluino mass. With the assumptions of Eqs.(150) and (151), one can assume Mq k — Mq b . 
Note that the dominant contributions to ArriK and Am^ come from O3 and P3 in Eq.(153) due to the large 
coefficients. Total contributions to O3 and P3 from Higgs (Eq.(121)) and SUSY (Eq.(153)) are written as 
follows: 



£o 3 



£ps — 



vD v D 

2 

mi, 

<t>d,2 

vD v D 

2 

ml. 



a^|m| Q m| g |s Qd 5 Dd 
216M6 K 



(504x/ 1 (x)- 72/ 2 (x)) 



(504a:/i(a:)-72/ 2 (x)) 



8dL8dR{dR, a s'l){d L ,p8r B ), (163) 



c dL c d R(d R , a b a L )(d L ^ R ). (164) 



If accidental cancellation occurs between the terms in bracket [ ] , new physics contributions to Amx and 
Arris are well-suppressed at same time. Assuming x = 1 and |msQ|sQd = — 2\rrisD\sDd, we get 



and cancellation condition: 



216M^ 



One finds that Eq.(166) is satisfied, for example, if we put 



03 = 0.12, ml ■ =M% tK , 



\m 



lQ s Qd\ 



M 2 Q , K 



= 0.218. 



Then the sub-dominant contributions from Eq.(153) are evaluated as follows: 

1 



(Am K )susY = - 



Y D Y D I 
10 t,? 2 x 2Re ( K° 



4 L Oi + -A R o 2 



-^-SdLSdROi 



K 



1.06 x 10" 



TeV 



M, 



Q,K 



MeV, 



(Am B ) susy 



Y D Y D I 
4 5 x 2Re ( B° 



13.8M* K 



1.74 x 10" 



c 2 dL Pi + -ArPi 



2 8 

+ —c d B,CdhP± 



B° 



TeV 



M, 



Q,K 



MeV, 



where 



<if°|Oi|if°) = (K \O 2 \K°) = -m K f K = 4.25 x 10 6 MeV 3 , 



(K \O 4 \K°) 



1 1 



8 12 \m s (2GeV) + m d (2GeV) 



m K f K = 2.33 x W 7 MeV 3 



(5°|Pi|£°) = (B°\P 2 \B ) = \m B fl = 7.04 x 10 7 iWW 3 , 



{B°\P 4 \B°) = 



msfl = 5.41 x 10 7 MeV 3 , 



(165) 
(166) 

(167) 



8 12 \m b (m b ) + m d (m b ) 
are used. Requiring \(ArriM)suSY\ < ArriM(M = K,B), we get 

Mq.k = 2 > O.GTeV (Am K ), 
M Q . K = m^ 2 > 0.7TeV (Arris)- 

One finds that these constraints are weaker than Eqs. (128) and (129). Therefore three cancellation condi- 
tions Eq.(131) are reduced to two conditions Eq.(132) and Eq.(166). 



(168) 

(169) 

(170) 
(171) 
(172) 
(173) 

(174) 
(175) 
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6 Summary 



In this paper, we have considered the Higgs-FCNC problem in S4 x Z 2 flavor symmetric extra U(l) model, 
and have shown that the Higgs mass bounds from FCNCs are weaken by cancellation between Higgs and 
SUSY contributions. As the result, SUSY breaking scale may be around 0(TeV) region. It might be 
expected that the new gauge symmetry and the flavor symmetry are tested in LHC or future colliders. 
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Appendix 

A Experimental Values 

Running masses of quarks and charged leptons [15]: 

m u {m z ) = 1.28±^(McV), m c {m z ) = 624 ± 83 (MeV), m t {m z ) = 172.5 ± 3.0(GeV), 

m d (m z ) = 2.9lti ; 2o (MeV), m s (m z ) = 55±\% (MeV), m b (m z ) = 2.89 ± 0.09 (GeV), (176) 

m e {m z ) = 0.48657 (MeV), m^(m z ) = 102.72 (MeV), m T {m z ) = 1746 (MeV). 

CKM matrix elements and Jarlskog invariant [16]: 

\V ud \ = 0.97418 ± 0.00027, |U MS | = 0.2255 ± 0.0019, \V ub \ = (3.93 ± 0.36) x 10~ 3 , 
\V cd \ = 0.230 ±0.011, \V CS \ = 1.04 ±0.06, |U c6 | = (41.2 ± 1.1) x 10~ 3 , 

\V td \ = (8.1 ±0.6) x IO- 3 , \V ts \ = (38.7 ±2.3) x lO" 3 , \V tb \ > 0.74, 

J CP = Im(V ud V: b V cd V; b ) = (3.05±g-ig) x 10" 5 . 
Neutrino mass-squared differences and the parameters of MNS matrix [16]: 

Am 2 21 =ml 2 -m 2 Vl = (8.0 ± 0.3) x 10~ 5 (eU 2 ), Amj 2 = 

(C12C13 S12C13 
-S12C23 - ci 2 S23Si3e J<5 C12C23 - si 2 s 2 3Si 3 e tS s 23 ci 3 
S12S23 - c 12 c 23 s 13 e lS ' ~c 12 s 23 - s 12 c 23 s 13 e tS ' c 23 c 13 

012 = 34.0°t 1 ; 3 °o, 45.0° > 6 23 > 36.8°, 12.9° > 9 13 > 0.0°. 
Meson masses [16]: 

m K o = 497.614 ± 0.024MeU, m B o = 5279.50 ± 0.30MeU, m D o = 1864.84 ± 0.17MeU. 
Meson mass differences [16]: 

Am K = (3.483 ± 0.006) x 10~ 12 MeU, 
Am B = (3.337 ± 0.033) x 10" 10 MeU, 

Am D = (1.56 ± 0.43) x 10" n MeU. (180) 

Meson decay constants [17]: 

f K = 159.8 ± 1.4 ± 0.44MeU, f B = 200 ± 20MeU, f D = 212 ± UMeV. (181) 
Running quark mass [15]: 

m d {2GeV) = 5.04l?;^MeU, m s {2GeV) = 105l^MeU, 
m d {m b ) = 1.2Zt\ 7 7 \MeV, m b {m b ) = 4.20 ± 0.07GeU, 

m u (m c ) = 2.57toilMeV, m c {m c ) = 1.25 ± 0.09GeU. (182) 
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